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ABSTRACT
Several reasonably model-independent formulations of the implications
of new physics for precision electroweak measurements have been devel-
oped over the past years, most notably by Peskin and Takeuchi, and by
Altarelli et.al.. These formulations work by identifying a small, but useful,
set of parameters through which new physics often enters into well-measured
physical observables. For the theories to which such an analysis applies,
this approach greatly streamlines the confrontation with the data. Since
the experimentally-allowed range for these parameters has been determined
from global ts to the data, theorists need only compute their predictions for
these parameters to constrain their models. We summarize these methods
here, together with several recent generalizations which permit applications
to wider classes of new physics, and which include the original approaches
as special cases.
1. Introduction
The attainment of high precision in measurements of Z-boson
properties has been perhaps the most signicant experimental result
in high-energy physics over the last decade. Besides testing the Stan-
dard Model (SM) to high precision, experiments at LEP and at SLC
1
are providing the rst experimental winnowing of the bumper crop of
theories that hope to describe the physics at energies well above 100
GeV.

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Indeed, the data on the Z resonance is now so good that model
builders ignore it at their peril. There is a very real benet in con-
fronting the various models of current theoretical interest with the con-
stantly improving experimental results. One way to proceed is to simply
compute the relevant observables explicitly on a model-by-model basis,
and to t the results to the data in order to constrain the model's pa-
rameter space. Unfortunately, this is a time-consuming procedure and
so one is limited in the number of models which can be treated in this
way. For well-motivated theories, such as the minimal supersymmetric
generalizations to the standard model (MSSM) for instance, such de-
tailed calculations may be worth the eort they require, although even
here it is impractical to explore the model's entire parameter space.
Happily, there is another way to proceed which can substantially
reduce the labour that is required to confront a model with the impli-
cations of the data. This alternative is based on the realization that
many models often only contribute to deviations from the SM | for
the well-measured observables of interest | in a limited number of
ways. For instance, this could happen if all of the new particles only
couple to the presently-observed ones in a restricted manner, such as
through the exchange of electroweak gauge bosons. Or all of the new
particles could be extremely heavy. In either case it is typically true
that only a small number of independent combinations of the model's
coupling constants ever appear in | and so are well constrained by |
the observables that are measured. In these cases it is useful to confront
the data in two steps. First, one can parameterize the well-measured
observables in terms of a few independent variables which can then
be constrained, once and for all, by comparing with the experiments.
Next, constraints on any given model may be obtained by comparing
the bounds on these parameters with the model's predictions for them
as functions of its underlying couplings.
Such a two-step procedure has the advantage of separating the
statistical t to the data from model-dependent calculations. Since the
data can be t, once and for all, to a general set of parameters, it is not
necessary to repeat this analysis separately for every model. Although,
in principle, the permitted parameter space that is obtained for a par-
ticular theory in this way can dier somewhat from what would be
obtained by a direct t to the model, in practice the two procedures
turn out to give constraints which are essentially equivalent. Further-
more, the comparative model-independence of the t to the data in the
two-step approach permits an ecient comparison of many models, and
so gives a reasonably broad picture of the kinds of new physics which
can produce deviations in dierent observables.
There are a number of similar, but not completely equivalent, ex-
2
amples of this type of reasoning which have become widely used in the
literature.
2,3,4,5,6
The most widely used of these are based on the pa-
rameterizations of Peskin et.al.,
2
and of Altarelli et.al..
5
Both of these
formalisms are very useful for describing the implications for precision
electroweak measurements of a wide class of new physics. Neither of
these parameterizations of the observables can encompass all models,
however, and so it is important to bear in mind the limits to their ap-
plicability when attempting to use their results for comparing with any
particular theory. Some well-motivated models and observables cannot
be analysed completely within the framework of either approach, moti-
vating their extension to more general situations.
7,8
The purpose of this
review is to describe those extensions which I have helped to develop,
and to relate these extensions to earlier approaches. Some applications
of the resulting techniques are also described.
This article is organized as follows. There are two main cate-
gories of new physics that have been considered to date: those which
dominantly contribute to observables through `oblique' corrections, and
those for which the new physics is heavy. The next two sections are de-
voted to describing how each of these kinds of corrections can contribute
to electroweak observables. In the next section the case of `oblique' cor-
rections is considered, while heavy, non-oblique, new physics is consid-
ered in section 3. Section 4 briey describes a number of the applications
of these techniques, and section 5 summarizes the conclusions.
2. Oblique Physics
Almost all of the observables that are presently amenable to accu-
rate measurement can be phrased in terms of the two-particle scattering
of light fermions. This is because these experiments either involve the
scattering of two quarks or leptons, or the decay of an initial fermion
into three lighter ones. There are three ways in which new physics
can aect such experiments, given that the new particles are not them-
selves directly produced. It can: (a) change the propagation of the gauge
bosons that can be exchanged by the fermions; (b) alter the three-point
fermion { boson couplings; and (c) modify the four-point direct fermion
{ fermion interactions (i.e.: `box'-diagram corrections).
An important class of new-physics models contribute dominantly
to precision measurements through process (a): changes to the vac-
uum polarizations of the electroweak bosons. Such corrections are called
`oblique',
9
and when they dominate they imply universal modications
to light-particle scattering, in the sense that the changes depend only
on the electroweak quantum numbers of the light fermion involved.
Oblique corrections can be the most important when the direct cou-
plings between the observed light fermions and any new particles are
3
either forbidden or highly suppressed.
2.1. General Oblique Corrections
The eects of oblique corrections on fermion scattering can be















(with a; b = ;W;Z) appear in the observables of interest.
9,10
The con-




), so the full


















) can be arbitrary functions of q
2
,
and so the vacuum polarizations in principle contain several unknown
functions, each of which can potentially enter into all physical observ-
ables. Any attempt to extract general information by tting these func-
tions to the data might therefore seem to be doomed because of the large
number of unknown quantities in comparison to the amount of data
that is available. This turns out to be too pessimistic a view, however,
because currently accurate measurements are performed either at very













should also be considered to the extent that the mass and
width of the W boson are thought to be suciently well measured.) As




), are presently only accurately
sampled at these few values of four-momentum transfer.











| implies that all oblique corrections to elec-
troweak observables can be expressed in terms of six independent com-
binations of the various 's.
7
The counting proceeds as follows.
1. Inspection of the graphs with vacuumpolarization insertions shows
that, a priori, there are ten quantities to consider. For neutral-
current processes at q
2






















). (Notice that electromagnetic gauge in-





















), with the prime denoting dieren-
tiation with respect to q
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= 0 and m
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2. Of these ten possible parameters, three combinations can never
lead to observable deviations from the SM, since they can be
absorbed into SM renormalizations. For instance, they can be ab-






, and of the Higgs vev, hi. This reduces the total number
of possible oblique parameters to seven.
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) are not detectable. This is because this term
contributes purely through photon exchange, which is not res-















)  0:03 in comparison to











are therefore left with six measurable oblique parameters.
There is obviously a great deal of freedom in how to parameterize
this six-dimensional parameter space. A convenient way to dene the













































































































































































denote the sin and cosine of the weak mixing angle,

w
, and  represents the electromagnetic ne-structure constant. For
numerical purposes we later use (m
2
Z
















. These denitions are
chosen so that (i) the rst three agree with the denitions of S, T and
U that are used in Ref. 3, (ii) the remaining three quantities, V , W




) should be simply a linear function of q
2
, and
(iii) each parameter contributes to a particular kind of observable (see
below).
A straightforward calculation gives expressions for the corrections
to the various electroweak observables in terms of the parameters S
through X. One complication arises because these corrections must
be referred to the corresponding (radiatively-corrected) SM prediction.
Because of the necessity for performing radiative corrections, the ex-
pressions for the SM predictions, in turn, depend on (i) which three
5
observables are used to infer the experimental values for the SM cou-





t quark and Higgs boson.
We follow the universal practice of using the three best-measured





from LEP | as inputs for xing the values of the SM
couplings from experiment. How the parameters, S through X, appear
in the nal expressions depends in detail upon this choice, since new
physics also aects these input observables, and so shifts the inferred
values for the SM couplings. With these inputs, and with the denitions
of S through X given above, U and W only enter into `charged-current'
quantities like the mass and width of the W boson, and of these W ap-
pears only in the W -boson width. Purely neutral-current data depend
only on S, T , V and X, and of these only S and T appear in observables
at low energies (for which q
2
 0). V and X arise only in observables
dened at the Z resonance. Of these two, X enters as a correction to





. V , on the other hand, drops out of these asymmetries,
but instead changes the Z partial widths, since it alters the normal-
ization of the Z-fermion couplings. The numerical expressions for these
observables as functions of S through X are summarized in Table I.
The expressions from Table I can now be compared with the data
to obtain bounds on the phenomenologically allowed range for the pa-
rameters S through X. In making this comparison we use the values
m
t
= 150 GeV and m
H
= 300 GeV for computing the SM predic-
tion. The sensitivity of our results to these assumptions is addressed in
section 4. The one- allowed ranges for the oblique parameters which
result from the t to the data of Ref. 7 are then given by:
S =  0:93 1:7; T =  0:67 0:92; U =  0:6 1:1;
V = 0:47  1:0; W = 1:2 7:0; X = 0:10 0:58: (3)
Notice that since the parameterW only appears in the width of the W
boson, it is the most poorly constrained.
2.2. When the New Physics is Heavy
There is an important special case for which the above oblique
analysis simplies considerably. This is when the lightest mass, M ,
for all of the new particles is much larger than m
Z
. Since the scale
over which q
2




) is set by M , in this case
these functions may be well approximated by the rst terms in their




. Since current measurements are







, this approximation is controlled by







The leading contributions in this limit | i.e. those which are not
suppressed by inverse powers of M
2
















(Higher-order terms have also been considered in the literature.
11
) With
this assumption three of the oblique parameters, V , W and X, vanish
identically and so all new physics eects are described by the three
parameters S, T and U . The expressions for observables in terms of
these three parameters may therefore be obtained simply by setting
V = W = X = 0 in Table I. A t to the data,
7
with V;W and X
constrained to vanish, then gives the following one- allowed ranges for
S, T and U :
S =  0:48 0:40; T =  0:32 0:40; U =  0:12  0:69: (5)
Not surprisingly, the allowed range for S and T in this two-parameter
t is smaller than was permitted in the six-parameter t whose results
are given above.
Since the neutral-current data are completely controlled by the
two parameters S and T , it has become conventional to display the
results of ts to this data by plotting the ellipses of constant condence
interval in the two-dimensional S-T plane. Figure 1 displays the results
of the two ts described above. Notice that, since m
W
can depend on
the parameter U as well as on S and T , m
W
should only be included in
such a plot if there are a priori reasons for believing U to be negligibly
small.
2.3. Using Only the Z Resonance
In recent years the electroweak data on the Z resonance has be-
come more accurate than are the older low-energy measurements. As a
result it is now possible
5
to usefully constrain new physics using only





. As is clear from the earlier counting of param-
eters, such a restriction to only one value of four-momentum transfer
permits a description of the data in terms of fewer oblique parameters
than the six that were required when q
2
 0 was also considered. This
is true even if the new particles associated with the new physics are not
heavy compared to m
Z
.
As is easily veried by repeating the counting argument given ear-
lier, only three parameters are required to describe the general oblique




















= T + V; (6)
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reduce to S, T and U
in the limit where V =W = X = 0. This ensures that the dependence






can be simply read o from
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, it is convenient to display the result of a t





result of such a t to the Z data only
13
is displayed in Figure 2.





are comparable to those on S and T using the larger data set, including
also the q
2
 0 observables, that are used for Figure 1. This illustrates
the high quality of the data that has been obtained over recent years
at the Z resonance. The conceptual dierence between Figures 1 and 2





of the Z-pole data relies only on the assumption that oblique corrections
dominate, the extension of such a description to include also neutral-
current measurements at q
2
 0 relies on the additional assumption
that all of the new physics is suciently massive to permit the neglect
of V and X.
2.4. A Cultural Aside
Treating the Z-pole data by itself is very much in the spirit of the
approach of Ref. 5. The formalism of these authors diers from that
described so far in the following two ways, however.














denitions, however, are made directly in terms of the observables,
and do not separate the new-physics contributions from those










































2. A second important dierence in the approach of Altarelli et.al. is
to permit one non-oblique correction, parameterized by 
b
, to the




-dependent contributions it receives from SM radiative
corrections, and potentially from other kinds of new physics. We
return to this type of term in the next section.
3. Nonoblique New Physics
Although many kinds of new physics dominantly produce oblique
corrections to electroweak observables, this is certainly not true for all
kinds. Examples include any new physics which preferentially couples
to, say, the heavy generations. Another worthwhile generalization of
the previous formalism is therefore to extend it to include nonoblique
corrections. In order to be practical, however, such a generalization
cannot be permitted to introduce too many new parameters, or else the
utility of the confrontation with the data will be lost. Some criterion is
necessary to limit and organize the number of independent interactions
that need be considered.
A very natural way to provide the required organization is to
assume that all of the new physics is much heavier than the electroweak
scale, m
Z
. In this case the implication of such new physics for current
experiments can be parameterized in terms of a low-energy eective
lagrangian
16
such as would be obtained by integrating out all of the




The limit of large masses, M , for all hypothetical new particles
allows their low-energy interactions to be organized according to di-
mension, with operators having a higher mass dimension being more
suppressed by inverse powers ofM . Simple dimension counting need not
be the whole story, of course, as low-energy selection rules and symme-
tries can also help to determine the relative size of the various eective
interactions. For a more complete discussion of the issues involved see
Ref. 8.
3.1. The Eective Interactions
Consider, therefore, the most general eective interactions that
are consistent with the particle and symmetry content that is appro-




our intention is to study current experiments in this energy range, we
take our particle content to include only those which already have been
detected. This includes most of the SM particles, including precisely
three left-handed neutrinos, but does not include the Higgs boson and
the top quark, which we take to have been integrated out (if they in-
deed exist
17
). Due to the absence of these particles, the electroweak
gauge group must be nonlinearly realized on the given elds, and so
in practice it can be completely ignored
18
(apart from the unbroken
9
electromagnetic subgroup) in what follows. The price for choosing this
particle content is that the resulting eective lagrangian has to violate
unitarity at energies at or below the TeV range.
Typically, any such lagrangian contains a great many eective
interactions. Fortunately, there is a great deal of latitude in how the
interactions can be written, since there is considerable freedom to rede-
ne elds to simplify terms in the lagrangian. We choose to work with
elds for which the kinetic and mass terms take their standard diagonal
forms. The nonstandard interactions which arise in the most general ef-
fective lagrangian up to mass dimension ve can then be written in the
following way.
8
1. Fermion Masses: The only possible eective interactions having di-
mension two or three are an arbitrary set of masses for the W and
Z bosons and for each of the low-energy fermions. The fermion mass
terms so obtained are indistinguishable from those which appear in the
SM, with the exception of any neutrino masses. A neutrino mass ma-
trix would have two eects. It would (i) give the neutrino mass eigen-
states nonzero masses, and (ii) it would introduce unitary Cabbibo-






charged-current neutrino couplings. (Flavour o-diagonal neutrino ki-
netic terms, such as can arise when sterile neutrinos are integrated out,
can also introduce o-diagonal neutral-current interactions, and can
make the charged-current mixing matrices nonunitary.) Notice that,
unlike most other new-physics corrections, these mixing angles need
not be small, even if the neutrino masses are.
2. Electromagnetic Couplings: The total electromagnetic couplings of



































where the indices i and j are to be summed over all possible avours




represents the electric charge of f
i
, in units




denote the usual projection matrices







, represent nonstandard magnetic- and
electric-dipole moment interactions.





























































is the W eld strength using electromag-












































































































































































respectively denote the unitary CKM matrices for












represent a set of arbitrary nonstan-
dard fermion-W couplings, and S, T and U are dened in terms of
the vacuum polarizations as in the previous section. Finally, 
f
(with


















4. The W Mass: Although the SM contains gauge boson mass terms,
these arise only in a particular linear combination, leading to a calcu-
lable mass relation for m
W














+(radiative corrections). This relation is ruined by
the generic eective gauge-boson mass terms, leading to the following






















































5. Neutral-Current Couplings: The general interactions between the

































































































































































is its eigenvalue for the third component of weak isospin. Z

denotes














represent arbitrary sets of nonstandard couplings between
the fermions and the Z boson.
These expressions may now be used to compute electroweak ob-
servables. Working to linear order in the eective couplings permits
the neglect of all interactions which cannot interfere with the corre-
sponding SM contribution. This eliminates a good many of the eective
vertices that are listed above, including most avour-changing interac-
tions. (Ref. 8 gives a more general discussion which also includes the
strongly bounded avour-changing couplings.) The results for a number
of low-energy observables (those for which q
2
 0) are listed in Table
II, and those for observables at the weak scale in Table III.
The parameters which appear in Tables II and III can be t to the
precision electroweak data, just as was done for the oblique parameters
S through X. The results of such a t
8
are quoted in Tables IV, V
and VI. In these tables the results of two types of ts are presented. In
one of these (the `Individual Fit') the parameter in question has been
considered in isolation, with all of the other parameters set to zero by
hand. This kind of t is not realistic, but has often been considered
in the literature. The second t (the `Global Fit') allows all of the
parameters to be varied in tting the data. Perhaps surprisingly, the
resulting bounds on the various parameters are nevertheless quite good.
3.2. The Zbb Vertex
An important special case of the above analysis is to simply add
a nonstandard dimension-four coupling between the Z boson and the
b quark, in addition to the oblique corrections S, T and U . This cor-




















Notice that, like all of the avour-diagonal neutral-current couplings,
the reality of the lagrangian implies that ~g
bb
L
must be real. In this case,
12
the formulae of Tables II and III simplify considerably.
4. Applications
With the above results in place for the experimental limits on
the various eective parameters, the next step is to compute the values
of these parameters in terms of the couplings and masses of various
underlying models. We therefore now turn to a brief summary of some




The starting point for the comparison with experiment is the









, which appear in the SM contributions to various observ-
ables. We have chosen m^
t
 150 GeV and m^
H
 300 GeV in performing
the ts, but it is natural to wonder how the SM predictions change as
these masses vary.
Perhaps the simplest, and most useful, application of the tech-





dependence. To do so, imagine both the top quark and the
Higgs boson to be much heavier than m
Z
. In this case, all of the im-
plications for lower-energy observables due to these heavy particles can
be phrased in terms of the eective lagrangian obtained by integrating





dependence for some of the eective couplings of
section 3.
Evaluating the one-loop vacuum polarization graphs
2, 3,4,5
con-
taining top and Higgs loops gives the following large-mass dependence
















































































































These are the only virtual contributions which can both (i) depend
strongly, at one loop, on m
t




One application to which the above formalism has been applied
8
is the determination of the constraints on the masses and couplings that
are possible for hypothetical exotic fermions which can mix with the
ordinary ones. For the present purposes we take `exotic' to mean new
fermions which transform under the SU
L
(2) gauge group as either left-
handed singlets and/or right-handed doublets. Because of their mixing
with ordinary fermions, exotic fermions of this sort can change the
couplings of the ordinary fermions to the W and Z. Constraints on
these mixings can be inferred from present precision measurements of
these couplings.
One motivation for doing this analysis, is that it also has been
performed
20
by tting these models directly to the data. By comparing
the bounds obtained here with those of the direct t to the model we
can learn how closely they agree with one another. One would expect
the present approach to give bounds that are marginally weaker than
those of a direct t to the model, since there are typically more pa-
rameters in the general eective lagrangian than there are couplings
in a particular underlying theory. In this sense our results can be con-
sidered the most conservative bounds possible. The interesting point
is that the limits we obtain are not very much weaker at all, and so
very little information is lost by using the simpler eective-lagrangian
t. For simplicity of presentation we restrict ourselves here to charged
quarks, although neutrino mixing can be handled in much the same
way.
8
In general, mixing between the known fermions and exotic ones
induces avour-changing processes into the neutral current interactions
of ordinary fermions (FCNC's). For simplicity we ignore these types
of induced couplings here, although they can be treated in a similar
manner. FCNC's are avoided if every known electroweak multiplet of
fermions mixes separately with its own exotic partner, in which case




e; ; ; u; d; s; : : :.
To make contact with our general formalism, simply integrate
out all of the undiscovered exotic particles to produce the low-energy
eective theory. Sucient accuracy is obtained by working at tree level,
and so it is easy to integrate out the heavy fermions: one transforms to
a basis of mass eigenstates, and sets all heavy elds equal to zero. As
a result we nd S=T=U=0, and the nonstandard neutral current and







































































































is a unitary CKM-
type matrix for the right-handed charged-current couplings. Similar
expressions also hold for leptons.
8
It is now a simple matter to bound the mixing angles using these
expressions together with the constraints of Tables V and VI. We nd


















































































A comparison of the above numbers with those in the literature
20
con-
rms that they are very similar to, but marginally weaker than, those
found by tting directly to the mixing angles themselves.
4.3. Light Exotic Particles
Another application that has been examined with this formal-
ism
12,14,21
is the case of new exotic particles whose quantum numbers
preclude their mixing with ordinary fermions.
22
Such particles arise in a
great many types of theories for new physics, including supersymmetric
models, theories with additional generations, and technicolour models.
In these examples the new particles need not be much heavier than the
weak scale, and so we do not make this assumption here.
Unlike for the previous example, in this case the absence of tree-
level mixing implies that the dominant eects of the new physics arise
through its one-loop contributions to well-measured observables. This
is in most cases dominated by the contributions to gauge boson vacuum
polarizations, and so we consider here only oblique corrections.
Formulae for the one-loop contributions to the six oblique param-
eters, S  X, by scalars and fermions in general representations of the
electroweak gauge group have been given in the literature.
7,23,24
For
example, the one-loop vacuum polarization due to a fermion with left-
and right-handed coupling constants, k
a
L(R)
, to gauge boson `a' (with












































are the masses of



































































































denotes the renormalization point, where we have renor-
malized using dimensional regularization and MS.
Expressions such as these permit a survey of the couplings and
masses that are permitted for exotic particles transforming in a variety
of electroweak gauge representations.
12
For the purposes of illustration,




that are produced by
an additional generation of quarks and leptons. Notice that this region




= 0) in the limit that
the members of this additional generation become very heavy. This is




in this limit. This makes the oblique parameters especially sensitive
probes for these types of new particles.
4.4. Is Technicolour Dead?
The above observation, that some heavy particles need not decou-
ple from oblique parameters like S and T as their masses get very large,
has been used to argue that technicolour-likemodels for dynamical elec-
troweak symmetry breaking are ruled out by the current electroweak
data.
2,3,4,5





O(+1), and the two-parameter S T t to the Z-pole
data excludes these values at roughly the three- level. (A similar con-




This conclusion would be inescapable provided that these param-
eters could be reliably computed to be O(+1) in technicolour models.
Unfortunately, since these are strongly coupled theories, the robustness
of the various estimates is not clear.
26
For example, a potential loophole
may exist when light particles are present in the technispectrum| such
as often happens in these theories due to the appearance of pseudogold-
tone bosons. In this case the analysis requires the additional parameters
V through X, and the contributions of the light particles can be made






for some choices for their
masses and mixings.
16
These loopholes are dicult to completely close due to the dif-
culty in computing with these theories. In the meantime, it must be
conceded that the case against these theories remains persuasive, albeit
circumstantial.
4.5. TGV's
As a nal application we consider how the oblique analysis of sec-
tion 2 can be used to bound
27
the potential existence of nonstandard
self-couplings for the electroweak gauge bosons (TGV's).
28
Somewhat
surprisingly, the full six-parameter set of oblique corrections turns out
to be required for this analysis, even though all heavy particles are as-
sumed to be much more massive than the weak scale. The need for all
six parameters follows because loop-induced eects to oblique parame-






. As a result, TGV loop-induced corrections to the STU
parameters can be the same size as the other quantities, V WX, and so
these must be properly included.
The starting assumption is that the lightest mass, M , of any
undiscovered particle is high in comparison with the weak scale,m
Z
. In-
tegrating out this heavy physics gives an eective lagrangian, dened at
the scaleM , which we assume to include the ve CP-conserving TGV's,













. The goal is to constrain the coecients of these eective in-







In order to do so we imagine running the eective lagrangian de-
ned at the scaleM , down to the scalem
Z
where current measurements
are made. Since anomalous TGV's are not directly probed at these en-
ergies, the bounds come from the other eective interactions which are
generated by the TGV's during the running down from M to m
Z
. We
therefore compute all of the eective interactions at the weak scale that
get generated (at one loop) by loops containing TGV's.
There are two kinds of eective interactions that are produced
by TGV's in this way: (i) oblique parameters, and (ii) nonstandard
fermion/gauge-boson vertices. The fermion/gauge-boson vertices them-
selves come in two types: (a) those which are universal, in that they are
independent of the masses of the SM fermions, and (b) those which de-
pend strongly on the top-quark mass, m
t
. Interestingly, we nd that all
of the vertex corrections of type (a) that are generated by TGV's can
be rewritten as oblique corrections by performing a suitable eld redef-
inition.
27
The entire analysis can therefore be done using the oblique
parameters, together with a small number of m
t
-dependent terms.
The TGV-generated oblique parameters that are produced by this
17







= 0:23 are used. We also take M = 1 TeV and the





X incorporate the nonuniversal, m
t
-dependent,
contributions, and are to be used instead of V and X in the expressions
for any observables which are based on the process Z ! bb.
The expressions from Table VII can then be used in Table I, for
the electroweak observables in terms of the oblique parameters. When
all ve TGV coecients are left free in the resulting t to the data, no
useful bound is obtained, beyond the ever-present ones like perturbative
unitarity. This shows that the data is not yet suciently accurate to
constrain these quantities. A common procedure in the literature is to
instead bound each TGV separately, with all of the others constrained






=  0:033  0:031;


= 0:056  0:056; 
Z
=  0:0019  0:044; (24)


=  0:036  0:034; 
Z
= 0:049  0:045:
Although the bounds obtained in this way are more restrictive, they
are also not realistic for any underlying theory, for which all couplings
would be expected to be generated together.
5. Conclusions
This article reviews two approaches to parameterizing the eects
of new physics for precision electroweak measurements. The two ap-
proaches are based on one of the following two assumptions. Either: (i)
the new physics is assumed to be very heavy in comparison with the
weak scale, m
Z
, or: (ii) it is not assumed to be heavy, but it is assumed
to dominantly contribute to observables through oblique corrections.
These two approaches contain the popular formalisms of Peskin et.al.,
and of Altarelli et.al., as important special cases.
The advantage of parameterizing the data in this way is the e-
ciency with which it permits the comparison of specic models to the
data. Rather than having to perform a detailed t to the data of every
proposed theory, it is possible to t the data once and for all to the
proposed parameters. To constrain any particular model it is then sim-
ply necessary to compute these parameters in terms of the couplings
of the underlying theory. A conservative estimate of the allowed range
for these couplings can be found by simply using the appropriate con-
dence intervals for the basic parameterization. The bounds that are
obtained in this way turn out to be remarkably similar to those which
are obtained from model-by-model ts.
18
A number of phenomenological analyses have been performed us-
ing this procedure, some of which have been briey summarized here.
These calculations illustrate the potential applications of the method,
and the simplicity with which it may be carried out.
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  0:00677S + 0:00479T   0:0146X
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  0:795S   0:0116T
TABLE I: Oblique Contributions to Observables
The dependence of some electroweak observables on S; T; U; V;W and
X. The numerical values (m
2
Z
) = 1=128 and s
2
w
= 0:23 are used in
preparing this table. The precise denitions of the observables can be
found in Refs. 7.
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Table II: Low-Energy Observables
The contributions to low-energy (q
2
 0) electroweak observables that
are generated by the various interactions of the general non-oblique
eective lagrangian. The precise denitions of the observables can be
















































































































































































































































































































































































Table III: Weak-Scale Observables









ables that are generated by the various interactions of the general non-
oblique eective lagrangian. The precise denitions of the observables
can be found in Ref. 8.
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Parameter Individual Fit Global Fit
S  0:10  0:16  0:2 1:0
T +0:01 0:17  0:02  0:89
U  0:14  0:63 +0:3 1:2
Table IV: Oblique Parameters
Results for the oblique parameters S, T and U obtained from the t
of the new-physics parameters to the data. The second column gives
the result for the (unrealistic) case where all other parameters are con-
strained to vanish. Column three gives the result of a global t in which
all of the parameters of the eective lagrangian are varied.
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Parameter Individual Fit Global Fit

e
 0:0008  :0010  0:0011  :0041


+0:00047  :00056 +0:0005  :0039

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Table V: Charged-Current Parameters





arise in tests for the unitarity of the CKM matrix,



























































Blanks indicate where the corresponding t would be inappropriate,
such as for when a parameter always appears in a particular combina-
tion with others, and so cannot be individually t.
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 0:0034  :0028  0:0015  :019
Table VI: Neutral-Current Parameters
Still more results of the ts of the new-physics parameters to the data.
As before, blanks indicate where the corresponding t would be inap-
propriate, such as for when a parameter always appears in a particular



































































TABLE VII: TGV Contributions to Oblique Parameters
One-loop results for the induced parameters S, T , U , V , W and X,
dened at  = 100 GeV, in terms of the various TGV couplings dened
at M = 1 TeV. As usual, (m
2
Z






Figure 1: Constaints on S and T from a t to both high- and low-energy
electroweakmeasurements. The solid line represents the 68% C.L.
setting VWX to zero, the dashed line represents the 90% C.L.
setting V WX to zero, the dotted line represents the 68% C.L.
allowing VWX to vary, and the dot-dashed line represents the
90% C.L. allowing V WX to vary.




from a global t of precison electroweak
measurements at the Z resonance only. The two lines represent
the 68% C.L. and 90% C.L. ellipses.


























spacing represents steps of 25 (resp. 30) GeV for the solid (resp.
dotted) plots.
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